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BALLX8TIC8.
B a l l i a t i o e  i e  tin* e o ie n e e  t k a t  t r e a t a  o f  tk a  m o tio n  o f  
p r o j e o t i l e a .  I t  l a  d iw id ed  i n t o  i n t a r i o r  and e x t e r i o r  b a l l i a t i o e .
I n t e r i o r  b a l l l e t i o a  t r e a t s  o f  tk a  n o t io n  o f  tk o  p r o j e c t i l e  
w k ila  e t i l l  m  tk o  k o ra  o f  tk o  gun . Z t in c lu d e e  a. e tu d y  o f  tk o  
noda o f  e e n k u e t le a  o f  tk o  pow der, tk o  p re e e u re  d ev e lo p ed  and 
tk o  w o lo o ity  o f  tk o  p r o j e c t i l e  a lo n g  tk a  k o ra  o f  tk o  gnn. B a rrau , 
an  a n ln a n t  F renok  e n g in e e r ,  f l o a t  p a t  tk o  a to d y  o f  I n t e r i o r  
b a l l i a t i o e  on  a  a o i a n t i f l o  k n o la . Ho d ev e lo p ed  fo rm u lae  kaaod 
on th e m o  dymamio p r in o ip l e a  o o n n a o tia g  tk a  y e lo e l t y ,  p re e e u re  
and t r a v e l  o f  tk o  p r o l e e t l l o  l a  a  gnn . lo o k  u e e f u l  in fo rm a tio n  
to n d ln g  t o  im provem ent l a  k o tk  powder and guan  k aa  koan  o k ta ln a d  
by a  e tu d y  o f  i n t e r i o r  b a l l i a t i o e .
By a a a a a  o f  fo rm u lae  t o  ka d ev e lo p e d  wa nap* k a r la g  g iv e n  
tk o  d ln a a a lo n a  o f  tk o  gnn , w a ig k t o f  o k a rg a  and p r o j e a t l i e  and 
g ra n n la tlO B  o f  tk a  pow der, a a l e n l a to  tk o  ourwoe o f  w o lo o ity  and 
p re e e u re  i n  tk o  k o ra  o f  tk o  gnn  aa  fn a o tlo n a  o f  tra w o i o f  tk o  
p r o j e o t i l e  o r  aa  f a a o t lo a o  o f  tk o  t l a o .  Va n ay  tk n o  dataxm lna 
tk o  aw aalo  w o lo o ity  t o  ko ax p a o ta d  f r o a  a  g i r a n  o k a rg a , o r  ao 
n a y  d o to m la o  tk o  o k arg a  t k a t  w i l l  p rodnoo a  re g a in e d  n a a a lo  
▼ alo a ity .
By f u r t h e r  a p p l i c a t i o n  o f  tk o  f e r n n la a  wa n a y  d o a lg n  tk a  
g r a a n l a t l o a  o f  tk o  pow dar f o r  a  g iw aa gnn ao aa t o  o b ta in  tk o  
h ig h o o t  poao& klo anaaslo  w o lo o ity  w ltk  a  giwom w a ig k t o f  p r o j o o t i l e  
w k ilo  k e e p in g  tk o  p ro a a n ro  a lo n g  tk a  |o r o  w i tk ln  tk a  l lm l t a  
inpooad  by  tk a  a t r o n g tk  o f  tk o  v a l l a  o f  tk a  gun  and tk a  w a ig k t 
o f  o k a rg a  lew  eaeugk f o r  eo n w an lan t lo a d in g ,
Vkea a n e w  gnn  l a  t o  ko d e a fe n e d , tk o  f e r n n la a  a a a b lo  u a  
t o  o a l e u l a t e  tk o  o&ao o f  poodo r ehm nber and lo n g tk  o f  gnn t k a t  
w i l l  ka  a a a a a a a ry  l a  o r d e r  t k a t  tk a  r e g a l te d  n a a a lo  w o lo o ity  n ay  
ko  o b ta in e d  w i tk ln  tk o  l l n l t  o f  p ro a a n ro  f o r  wklok tk o  gnn  l a  
t o  ko d o a ig n o d .
A f te r  d a to r n ln la g  tk o  pow der p ro a a n ro  onrwo f o r  tk o  gun  wa 
n ay , toy tk o  p r ln o ip lo a  o f  gnn  o o n a t r o a t lo n  d o a lg n  tk a  w a lla  o f  
tk o  gnn  t o  w ltk e ta a d  tk a  ax p a o ta d  p ro a a n ro  a t  eaek  p o in t .
I n  17^3 B enjam in R ak iae  d e a o r lk o d , toafora tk a  B oyal S o o la ty  
o f  E n g land , e x p e r ia e a ta  t k a t  ko kad  nada to  d o to m la o  tk o  
w e le o i t lo e  o f  n a a k o t k a l l o  wkoa f i r e d  w ltk  g iv e n  o k a rg e e  o f  
pow der. To n o a a a ra  tk o  w a lo o l t l a a  ko Inw ontad tk o  k a l l l a t l o  
pendulum , w hiak o o n a io to d  o f  a  l a r g o  tolook o f  wood anapandad  ao 
ao t o  nowa f r o o ly .  Tko b a l l o t  ana  flared  i n t o  tk o  k le o k  o f  wood, 
and tk a  w o lo o ity  ia p re e a e d  upon  tk o  p o n d n lan  waa n o aa n ro d . By 
e g u a tin g  tk o  a x p ro a a io n a  f o r  tk a  g u a n t l t l e e  o f  n o t io n  I n  tk a  
b a l l o t  b e fo re  a t r l k l n g  tk o  p o n d n lan , and l a  tk a  pendulum  a f t e r  
ro o o lw lag  tk o  b u l l e t ,  tk o  w o lo o ity  o f  tk o  b a l l o t  warn o b ta in e d . 
B fk la a  a lo e  Inw ontad  tk a  gnn pendulum  w klok o e g a la te d  o f  a  gun 
m ounted t o  aw ing ao a  pendulum . . da a  r e e u l t  o f  tk a a o  ex p e rim en te  
Roblna announced th e  fo l lo w in g , I Tka ta m p o ra tu ra  o f  o x p le a ie n  
l a ■a t  l o a o t  e g n a l  t o  t k a t  o f  redl>koi i r o n  j tk o  n a x ln u n  p re e e u re
2e x e r te d  by th e  powder g a se s  l a  e q u a l  t o  ab o u t 1000 a tm o sp h e re s ; 
tb a  w eig h t o f  th s  parm anan t g a s e s  l a  ab o u t t h r e e - t e n th s  t h a t  o f  
th e  pow der, aad  t h e i r  volume a t  a ta o s p h e r lo  p r e s s u r e  aad te m p e ra tu re  
ab o u t 2bO tim e s  t h a t  o cc u p ie d  by th e  o h a rg e .
Dr. C b a rla a  H u tto n . P r o fe s s o r  l a  th e  Boyal M il i ta r y  Academy, 
W oolwich, c o n tin u e d  R o b in s 's  e x p e rim e n ts , 1773 to  1791, Inp row lag  
« 4  e n la rg in g  th o  b a l l l a t i o  p aa d u lu a  so  t h a t  i t  o e u ld  rooalw o tb a  
la p a o t  o f  « m  pound b a l l s .  Ha v e r i f i e d  R obins*a daduetlOBS aa  to  
tb a  n a tu r e  o f  tb a  g a s e s ,  b u t p u t  tb a  te m p e ra tu re  o f  e x p lo s io n  a t  
d o u b le  t h a t  e f  R ob ins, and tb a  maximum p r e s s u r e  a t  2000 a tm o sp h e re s . 
H u tto n  p re d u o sd  a  fo rm u la  f o r  tb e  v e l o c i t y  o f  a  s p b e r lo a l  p r o j e o t i l e  
a t  any  p o in t  o f  tb a  b o ra , upon tb a  a ssu m p tio n  t b a t  t b s  com bustion  
o f  tb a  o h a rg e  l a  in s ta n ta n e o u s  and t h a t  th o  ex p a n s io n  o f  tb a  g a s  
fo l lo w s  M a r i e t t a 's  law - no aoeo u n t b e in g  ta k e n  o f  th e  lo s s  o f  b o a t  
duo to  work p e rfo rm ed  -  a  p r i n c i p l e  w hich , a t  t b a t  t i n e ,  was unknown.
I n  176O tb a  C h e v a lie r  D 'Aroy made tb e  f i r s t  a t t e a p t  to  d e te rm in e  
d y n a m ic a lly  tb e  law  o f  p r e s s u r e  i n  tb e  b o re  by s u c c e s s iv e ly  
s h o r te n in g  tb e  le n g th  o f  tb e  b a r r e l  and m easu ring  tb e  v e lo c i ty  o f  
th e  b u l l e t  f o r  eaoh le n g th .  Tbe p r e s s u r e s  w ere d e te rm in ed  from  th e  
c a lc u la t e d  a c c e l e r a t i o n s .
In  1792 Count Rumford, b o ra  i n  tb e  U n ited  S ta t e s ,  t r i e d  to  
make d i r e c t  m easurem ent o f  th e  p r e s s u r e  e x e r te d  by f i r o d  gunpowder 
by m easu rin g  tb e  maximum w e ig h ts  l i f t e d  by d i f f e r e n t  c h a rg e s  f i r e d  
i n  a  w a l l  b u t  v e ry  s t ro n g  w re u g h t- l r e n  m o rta r . He d e te rm in ed  a  
r e l a t i o n  e m o t in g  betw een th e  p r e s s u r e  o f  tb e  pow der g a s e s  and 
t h e i r  d e n s i ty .  The maximum p r e s s u r e  t b a t  would be e x e r te d  by th e  
g a s e s  from  a  o h a rg e  t h a t  c o m p le te ly  f i l l e d  tb e  cham ber was a s  
c a l c u l a t e d  by Rumford, ab o u t 100 t e a s  t o  t b s  s4u a re  in c h , l o b le  
aad  A bel, i n  t h e i r  l a t e r  e x p e r im e n ts , a r r iv e d  a t  b j  t e a s  p e r  sq u a re  
in c h  a s  th e  maximum p r e s s u r e  u n d e r th e s e  c o n d i t io n s .  T h e ir  v a lu e  
i s  new ao o e p te d  a s  b e in g  ab o u t r i g h t .  Tbe g r e a t  d i f f e r e n c e  i n  th e  
two d e te rm in a t io n s  i s  p ro b a b ly  due to  tb e  f a c t  t b a t  Rumford deduced 
b i s  v a lu e  f o r  tb e  maximum p r e s s u r e  from  e x p e rim e n ts  w ith  sm a ll 
c h a rg e s  t b a t  d id  n o t  f i l l  tb e  cham ber, so  t h a t  tb e  en e rg y  o f  tb e  
g a s e s  was g r e a t l y  in c re a s e d  by tb e  h ig h  v e lo c i ty  th e y  a t t a i n e d  
b e fo re  n o t in g  on tb e  p r o j e o t i l e .
From 1157 t o  I 860 G e n e ra l Rodman o f  tb e  O rdnance D epartm ent, 
U n ite d  S t a t e s  Army, co n d u c ted  tb e  e x p e rim e n ts  t h a t  r e s u l t e d  i n  tb e  
change e f  form  e f  pow der g r a in s  aad  t h e i r  v a r i a t i o n  in  s l s s  a c co rd in g  
to  th e  c a l i b e r  o f  th e  gun. He d e v is e d  th e  p r e s s u r e  gauge f o r  
d i r e c t l y  m easu rin g  th e  maximum p r e s s u r e s  o f  powder g a s e s . G en e ra l 
Redman was a l s o  t b s  a u th o r  o f  tb e  p r i n c i p l e  o f  i n t e r i o r  c o o lin g  o f  
o a s t —I r e n  cannon , by tb e  a p p l i c a t i o n  o f  w hich p r i n c i p l e  tb e  m d ta l 
s u rro u n d in g  tb e  d o rs  o f  a  gun  was p u t  u n d e r a  perm anent co m p ress iv e  
s t r a i n  w hich g r e a t l y  in c re a s e d  tb e  r e s i s t a n c e  o f  tb e  gun to  tb e  
p r o i t u f f i *
I n  I875  B a rra n  f i r s t  p ro p o sed  h i e  m a th e m a tic a l fo rm u la s  
o e a n e e t la g  tb e  t r a v e l  aad  v e l o c i t y  o f  th e  p r o j e c t i l e  aad  tb e  
p r e s s u r e  d ev e lo p ed  l a  th e  b o re  e f  th e  gun . These fo rm u las  w ere 
b a se d  on tb e  u s e  e f  b la c k  pew der. Ih e n  sm okeless powder began  t o  
b s  u se d  i t  was found  t b a t  th e  r e s u l t s  o f  c a lc u la t i o n s  w ith  th e s e  
fo rm u la s  w ere n o t  c o r r e c t .
About 190b C o sse t aad  L te u v i l l e  p u b lis h e d  saw fo rm u la s  o f  
i n t e r i o r  b a l l i a t i o e  baaed  on  tb e a e  e f  S a r ra u , b u t  a d a p te d  to
I n  i n v e s t i g a t i n g  th e  s u b je o t  o f  i n t e r i o r  b a l l i s t i c s  *0 w i l l  
c o n s id e r ,  f i r s t ,  th e  q u a n t i t y  o f  e n e rg y  r e le a s e d  p a r  pound o f  
p o n d e r no th e  c h a rg e  i s  b u rn e d ; eeooud, th e  l l a s a l  r a ts ,  o f  b u rn in g  
o f  th o  p o w d er; t h i r d ,  th o  o f f o o t  o f  d i f f o r o n t  form s o f  g r a n u la t io n  
on th o  r e l a t i o n  betw een  tb e  l i n e a l  r a t e  o f  b u rn lg g  o f  w e .p o w d e r 
and tb e  a n te  o f  b u rn in g  e f  th e  c h a r g e ;  a a d , f o u r th ,  th e  v a r io u s  
ways i n  w hieb th e  en e rg y  r e s u l t i n g  from  tb e  b u rn in g  o f  tb e  o h a rg e  
i s  u t i l i s e d .  —
(h u r-s e rv le e  sm o k eless  pow der i s  n a a u fa e tu ro d  from  n i t r e -  
e e l l u l o s e  o f  an  a e e ra g e  p e ro o n t  o f  n i t r o g e n  o f  ab o u t 12. 60, by  
e e U e ld l a g  i t  w ith  a  s o lv e n t  o f  e t h e r - a l e o h o l .  A f te r  g r a n u la t io n  
tb e  b u lk  o f  t h i s  s o lv e n t  i s  d r i e d  o u t ,  b u t Zf  t o  65 n ay  rem ain  
i n  th e  pow der, th e  an e u n t dep en d in g  upon  tb e  e l s e  o f  tb e  g r a in ,
Tbe a lc o h o l  u sed  in  tb e  s o lv e n t  0o a t a l a s  59  w a te r ,  w hieb 
u s u a l l y  rem a in s  i n  tb e  pow der a f t e r  d ry in g . A d d it io n a l  w a te r  
may b e  ab so rb e d  from  th e  a i r  d u r in g  th e  p ro c e s s  o f  m aking aad  
h a n d l in g . R ecen t l o t s  o f  pow der a l s o  c o n ta in  t o  .d jT e f  a  
s t a b i l i s e r ,  s a d  .3 0  c a l i b e r  r i f l e  pow ders c o n ta in ,  i n  a d d i t io n ,
I *  o f  g r a p h i t e .
The e n e rg y  p e r  pound e f  p u re  n i t r o c e l l u l o s e  o f  12 .60>  
n i t r o g e n  i s  1P2000 f t . l b s .  p e r  pound. I f  am i n e r t  m a te r i a l  i s  
m ixed w ith  t b e  a i t r e e e l l u l e s e  th e  en e rg y  p e r  pound e f  th e  r e s u l t i n g  
m a te r i a l  w i l l  be  l e e s  m a n  t h a t  e f  p u re  n i t r o c e l l u l o s e .  Of tb e  
m a te r i a l s  e n te r in g  pow der w a te r  i s  c o n s id e re d  a s  h a v in g  th e  sa n e  
O f f s e t  a s  th e  :S«me p e rc e n ta g e  o f  i n e r t  n a t t e r .  A lco h o l h a s  a  
g r e a t e r  e f f e c t  th a n  i n e r t  m a t te r ,  P r a c t i c a l  t e s t e  in d ic a te  t h a t  
th e  e f f e c t  e f  I g  a lc o h o l  i n  re d u c in g  th e  en e rg y  p e r  pound e f  
n i t r o c e l l u l o s e  i s  e q u a l  t o  t h e  e f f e e t  o f  2 .5 9  i n e r t  m a t te r ,  tb e  
e f f e c t  e f  l g  s t a b i l i s e r  i s  e q u a l  t o  th o  e f f e e t  o f  bg  i n e r t  m a t te r .  
The e f f e c t  e f  15 g r a p h i t e  i s  re d u c in g  th e  en e rg y  p e r  pound o f  
n i t r o c e l l u l o s e  i s  e q u a l  t o  t b a t  o f  2 .5 9  i n e r t  m a t te r .
The p e rc e n ta g e  e f  n i t r o g e n  i n  th e  a l t r e e e l l u l e e o  u se d  i s  
c a r e f u l l y  d e te rm in e d  f o r  o a th  l e t  o f  pow der, as. i n  a l e e  tb e  
p e r c e n ta g e  o f  m o is tu re  aa d  v e l a t i l e s  rem a in in g  i n  th e  f in i s h e d  
pow der. M o is tu re  and  v e l a t i l e s  e o n s i e t  p r i n c i p a l l y  o f  w a te r  aad  
a lc o h o l  i n  e q u a l  p e r c e n ta g e s .
The s p e c i f i c  r a t e  e f  co m b u stio n  o f  sm o k e less  powder i s  th e  
r a t e  e f  co m b u stio n  i n  in c h e s  p e r  seco n d , m easured  p e r p e n d ic u la r  
t o  th o  b u rn in g  s u r f a c e ,  when th e  pow der i e  b u rn in g  i n  i t s  own 
gam a t  a  p r e s s u r e  e f  w e  pound p e r  s q u a re  ln o h .
T h e o r e t ic a l  c o n s id e r a t io n s  le a d  t o  tb e  b e l i e f  t k a t  th e  
s p e c i f i c  r a t e  o f  co m b u stio n  i s  d i r e c t l y  p r o p o r t io n a l  t o  th e  e n e rg y  
p e r  pound e f  pow der , aad  t h a t  i t  id  in v e r s e ly  p r o p o r t io n a l  t o  
t h e  aiua e f  th e  fo l lo w in g  q u a n t i t i e s  1
(a )  The e n e rg y  r e q u ir e d  t o  h e a t  a  pound o f  pow der from th e  
te m p e ra tu re  i t  may h av e  a t  any  tim e  t o  356 *“. ,  th e  i g n i t i o n  
te m p e ra tu re ,
( b ) .  The en e rg y  r e q u ir e d  t o  e v a p o ra te  th e  w a te r  aad  a lc o h o l  
from  th e  pow der.
I t  i s  assumed t h a t  t h i s  e v a p o ra t io n  from  s u c c e s s iv e  l a y e r s  ta k e s  
p la c e  b e fo re  th e y  b u rn .
Modern sn o k e le s a  powder io  g r a n u la te d  i n  r e g u la r  g e e a e t r i o a l  
f e n i  t t a r t s l n l  f o r  M m f u t a n  by p r e s s in g  th ro u g h  & d ie  o r  
r o l l i n g  betw een  r o l l a r a .  Tho p r l n o i p a l  f o m  l a  u ae  axe , th o  
s o l i *  ro d  o f  c o n s id e r a b le  l e n g th ;  a b o r t  o r  lo n g  c y l in d e r  w ith  
a x i a l  p e r f o r a t i o n ;  a b o r t  o r  lo n g  f l a t  s t r i p s ,  aad  c y l in d e r  w ith  
sewan a x i a l  p e r f o r a t i o n s .  l a  a l l  th o o o  g r a n u la t io n a  th o  l e a s t  
b u rn in g  th lo h a o o o  l a  o a l l a d  th o  woh e f  th o  g r a in .
I t  l a  fcaeoa t h a t  s a o k e le s a  pow dar taU M  f o o t e r  a t  h ig h  
p r e s s u r e s  th a n  a t  low  p ro o a u ro o . U nder e o a o ta a t  p ra a a u ra .  ao l a  
t h e  a i r ,  a  g r a in  o f  a o d o ra  aao k o lo o a  powdor b u rn a  l a  p a r a l l e l  
l a y e r #  aad  w ith  s a l f o r n  w o lo o ity  l a  d i r e o t l e a *  p e r p e n d ic u la r  t o  
a l l  th o  i g n i t e d  s u r f a c e s .  Under w a r la b lo  p ra a a u ra  aa l a  a  gun, 
powdor b u rn a  w ith  a  w a r la b lo  w o lo o ity , b u t  u n d e r t h a t  o o a d l t io a  
I t  e t l l l  b u rn a  l a  p a r a l l e l  la y o ra  l a  th o  sa a e  n a n n a r aa  a t  
e o a o ta a t  p re e e u re .  Aa th e  g r a ln a  b u rn  owor t h o l r  e n t i r e  o u rfa o o  
th e y  W ill  u e a a l l y  bo e n t i r e l y  ee a e u a e d  whoa a  th lo h a o o o  e d u a l  t o  
o n e - h a l f  t h o l r  l e a n t  d ia e n e ie n  h a s  boon bu rned  f r o a  aaeh  o f  th o  
bound ing  a a rfa o o o .
The i n i t i a l  r e lu a e a  o f  any  o f  th o  g r a in s  u s u a l ly  u aed  a re  
o a o l ly  f ig u r e d  f r o a  t h o l r  d la o a o io a o . The d ia o a s lo n *  o f  g r a ia o  
a r e  M a n u re d  l a  in e h e a  aad  t h o l r  w oluaoo m o  g lw en l a  r u b le  in c h e e  
The I n i t i a l  b u rn in g  .S u rfac e  o f  a  g r a in  i n  th o  a r e a  o f  th o  
t o t a l  o u to id o  o u rfa o o  o f  th o ^ .g ra in  in c lu d in g  th e  a u r fa o a a  o f  th o  
ondo aad  th o  p o r f o r a t l o a a  ,  i f  any .
th o  w oluae o f  oao pound o f  o o l id  powdor way bo o b ta in e d  
by d iw ld ia g  th o  woluwo e f  oao pound o f  w a te r , 27,6(1 c u . i n . , by 
th e  d e n s i ty  e f  th o  powdor o r  r e p r e s e n t in g  by Tp th e  w oluae o f  
oao pound aad  by  j? t h e  d o a o i ty  o f  th o  pow der wo h a r e  Tp -  2J-
th o  au n b e r o f  g r a ia o  o f  powdor in  th o  r e lo a d  o f  oao pound 
o f  o o l i d  powdor d iw idod  by th e  i n i t i a l  welwno o f  woo g r a in .
L e t ae  r e p a r a o n t  t h e  a u n b e r o f  g r a ia o  p e r  pound aad  To th o  w oluae 
o f  oao  g r a in  aad  wo h e ro  np ~ w  »  *  I ^ . | 8 7
th e  i n i t i a l  b u rn in g  s u r f a c e  p e r  pound** i s  th e  i n i t i a l  b u rn in g  
o u rfa o o  o f  oao  g r a in  a u l t & l i e d  by  th o  n u ab e r o f  g r a ln a  p a r  pound, 
l o t  Bp r e p r e s e n t  th e  i n i t i a l  b u rn in g  o u rfa o o  p a r  pound and 8$ 
th o  i n i t i a l  b u rn in g  o u rfa o o  p e r  g r a in  aad  we haw* Bp *  a p l« s
£
Tor any g r a n u la t io n  th e  w oluae o f  a  g r a in  a f t e r  a  th lo k a o a o  
r  haa  boon b u rned  an y  bo d o to ra ln o d  by ad d in g  o r  o u b t r a o t in g  d r ,  
th o  t o t a l  th ie k n e s a  bu rned  on  o p p o s i te  s id e s ,  t o  o r  f r o a  th e  
o r i g i n a l  g r a in .  S u b tr a c t  th o  now w oluae f r o a  th o  o r i g i n a l  w oluae 
aad  we o b ta in  th o  w oluae bu rn ed .
th e  b o a t f o r a  o f  g r a n u la t io n ,  f r o a  a  b a l l i s t i c  p o in t  o f  wlow, 
i s  t h a t  w hieh , w ith  a  g lw sn  w eig h t o f  o h a rg e , w i l l  giwo th o  
p r o j e c t i l e  th o  h ig h e s t  a u s s l e  w o lo o ity , w i th in  th o  l i a i t  o f  
a anl a un p ra a a u ra  f o r  w hieh th o  gun  was d e s ig n e d . To o b ta in  th o  
h ig h e s t  a u s s lo  w o lo o ity  I t  io  a s o o s s a ry  t h a t  a l l  th o  powdor bo 
b u rao d  ao  so o n  a s  p o s s ib le  a f t e r  th o  p W b je o tile  s t a r t s  aow lag , 
t h a t  i s ,  t h a t  th o  woh th io k a o so  o f  th o  g r a ia o  bo a s  a a a l l  a s
5p o ss ib le , b o  a* t o  allow  the f u l l  weight o f the ga&£* to so t on 
the p r o je c t ile  for the lon gest p o ss ib le  d istan ce.
D istr ib u tion  of powder in the gun.
Let p s  the weight o f the p r o je c t ile  i n  pounds;
p, m the weight of the gun and reco ilin g  parte in  pounds;
v 2= the v e lo c ity  of the p r o je c t ile  in  fe e t  per eecond; 
v, m the v e lo c ity  of the gun and reco ilin g  parte; 
u m the tra v e l o f the p r o je c t ile  in  fe e t , with reference to  
the gun* when the v e lo c ity  o f the p r o je c t i le  i s  v;
Q^wm the weight o f powder burnt in  pound* when the v e lo c ity  o f
the p r o je c t i le  i s  v, and it*  tra v e l with reference to  
gun i s  u;
A •* area of c rose "-section o f bore in  square inches, 
c m the to ta l  weight o f  charge in  pound*;
We have represented by n 'the energy given o ff  on the combustion
o f one pound o f powder, the energy given o ff  when o pound* o f
powder are burned i s  n c .^.
This energy i#  d istr ib u ted  a* fo llow s:
i a) Energy o f tra n sla tio n  o f the p r o je c t ile ,b) Energy o f ro ta tion  o f the p r o je c t i le ,
c) Energy o f tra n sla tio n  o f the gun (r e c o i l) ,
d) Energy o f tra n sla tio n  o f the unburnt charge and gases.
The to ta l  weight o f the unburnt charge end gases i s  always 
that o f the o r ig in a l oharge and i t  i s  assumed as uniformly 
d istr ib u ted  between the face o f the breech block andtthe base of 
the p r o je c t i le .
(e) Energy consumed in  overcoming the passive resista n ce  of the 
p r o je c t i le .  This res ista n ce  a r ise s  from the f r ic t io n  of the 
p r o je c t ile  against the w alls o f the bore and o f the rotatin g  band
again st the driv ing edges o f the lands. In the f i r s t  stages i t
a lso  a r ise s  from the cu ttin g  o f grooves in  the rota tin g  band by
the lends. In r i f l in g  with increasing tw ist a resista n ce  i s
caused by the change in  form o f the grooves as the p r o je c t ile
moves through the bore.
I t )  Energy lo s t  as heat to  the gup.
(g) Energy that remains in  the gas as sen sib le  or la ten t host.
The energy must a t each in sta n t be equal to  the sum e f  the
above en erg ies. ^
The energy o f tra n sla tio n  o f  the p r o je c t ile  i s  pv  .
gSF
Energy of rota tion  ©f the p r o je c t ile  i s  as fo llow s;
L et^ as the mean angle e f  tw ist o f the r i f l in g .  The v e lo c ity  o f  
rogation o f the p r o je c t ile  in  radians per second i s  then 2v t a n : *
where dt i s  the diameter of the bore o f the gun in  fe e t .  The energy
o f ro ta tio n  o f the p r o je c t i le  la  therefore|  Kte y & UL1- - a
where k i s  tke radius o f gyration  o f the p r o je c t i le  in  fe e t .
The value o f (2k )^mav be assumed as fo llo w s, though i t
v a r ie s  somewhat for  p r o je o t ile s  o f  d iffe r e n t dimensions:
Fox so lid  shot . 5 0
For m a l l  c a v ity  shot . 5 5
Fox s h e ll  . 5 S
The energy o f tra n sla tio n  o f the gun i s  equal to  B.iX*'
. . . . . . . .  B c
To g e t a r e la t io n  between v aad v assume tkat tke gun i s  reo o llin g  
fr e e ly , tkat i e  , i t  ie  net retarded by tke carriage. This i s  
nearly eo fo r  a ee t carriages w hile tke p r o je c t ile  ie  in  tke bore. 
Alee assume tkat tke unburnt oharge and gaeee are un ifoxaly  
d istr ib u ted  throughout tke bore aad tk at tk e lr  neaa T elo c ity  in  
tke d ir e c tio n  e f  tke p r o je c t i le  i s  v, Equating momenta, n eg lectin g
tke aementua due to  tke ro ta tio n  ?  o f  tke p r o je c t i le , we kare,
SJm S.▼ -tia.y ®r ▼, as fisda T •  .
8 g £  2P,
Tha wnergy e f  tram slatioa e f  tke gun therefore beeomee —
Energy o f Translation o f the Unburnt Charge and Gaeee. ~
The to t a l  weight o f thwaa ie  C, and they are aeeuned uniformly 
d istr ib u ted  throughout the bore behind the p r o je o t lle . Let C^be 
the weight e f  oharge aad gaeee between the sw ollen  o f 0 v e lo c ity ,  
ooneidered at th e hreeeh o f the gimf aad a eeo tlen  forward e f  th in  
whoee v e lo c ity  ie  v*« The weight e f  the la t t e r  elementary eeo tlen  
la  dC^  and i t a  energy ie  dC* .
Since the charge and gaeee are aeeuned as uniformly d letr lb u ted
throughout th e  bore, we have the r e la tio n , benee Cv— Cv,
O v v
end dG ^ £  and the energy of the elementary eeo tlen  considered
reduces to  C v dv. That la  d(eaergy e f  motion o f weight o f oharge 
gv 2T
aad gaeee, C) s  £  J&fav*
gv 2
In tegrating  between 11mlte v m 0 and v* as v, we have, Energy o f  
motion o f  C a C  *>.
Jg2“
A number o f experiments made at Watertown Arsenal o f  forcing  
p r o je c t i le s  through the bases o f  gums o f various c a lib e r s , and 
measuring the resista n ce  encountered in d ica te:
{a) For most guns, the h igh est r e s is ta n c e  occurs at tke s ta r t ,  
when grooves are being cut in  tke ro ta tin g  band by tke r i f l in g .
The res is ta n ce  then drops g r e a tly , but gen era lly  again in creases, 
r is in g  to  a maximum at a tr a v e l o f  two to  four ca lib ers  aad then  
decreasing rather uniform ly t e  tke a u ss le .
(b) Tke speeds at which the p r o je c t i le s  were forced through bores 
were a l l  very lew, bud aa inoreaee o f  speed seemed te  redoes tke  
res le ta a ee .
(c) Greater width aad diameter o f band increased tke res ista n ce .
(d) The s ta r t in g  res ista n ce  aad mean p assive  resle ta a ee  expressed  
in  pounds per square lack on base o f  p r o je c t ile  both decrease as 
the c a lib e r  in creases.
When & gun la  f ired  the driving edges o f  the lands e f  the  
r i f l in g  exert a pressure against the edges o f  the lands l e f t  in  
the rota tin g  hand. This pressure produces ad d ition a l f r ie t io n  
whieh i s  net produced in  slew  n otion  o fth e p r o je c t i le  through 
the bore.
The general o f  the p assive  resista n ce  curves obtained from 
th ese experiments leads to  the b e l ie f  th at the values o f the  
p a ssiv e  res is ta n ce  in  pounds per square inch on base o f  p r o je c t ile ,  
m ayfee taken fo r  a given oharge as at each in stan t equal to  the 
product o f  the a e c e le r it ln g  pressure in  pounds per square inch  
on the base o f  p r o je c t ile  by a constant factor. The value o f th is  
constant fa cto r  w il l  be d if fe r e n t  for  d iffe r e n t charges. Let ^  
be the pressure per square inch required to  overcome the p assive  
r e s is ta n ce .
The energy lo s t  in  foo t pounds by passive resista n ce  over a 
tr a v e l u ie  th erefore P A du .
Thus far we have considered a l l  e f  the energies entering the 
problem in  which heat has been converted in to  meohanioal work.
The sum o f these energies may be considered as the e f fe c t  o f  
the a ctio n  o f  the mean to ta l  pressure P, per square inch, acting  
on the c r o ss -se c t io n  e f  the bore for a d istance u9 that i s  we 
have the fo llow ing equation:
jPAdu .  |  f ^ 3 *  ** •
Placing p; x  p f l f  tan;V7+ p;£ ^ o  we have j PA du ss % v^jl
P may be c a lle d  the reduced weight o f  the p r o je c t ile .
In the design  o f a new gun the c a lib er , weight o f p r o je c t ile  
and mussle v e lo c ity  are determined by the use to  which the gun 
i s  to  be put.
Having obtained, or assumed, the weight o f p r o je c t i le  and 
muszle v e lo c ity  the problem o f determining the e ls e  o f powder 
chamber and length  o f  gun required becomes purely one o f ex ter io r  
b a l l i s t i c s .
E xterior b a l l i s t i c s  tr e a ts  o f the motion o f a p r o je c t ile  
a fte r  i t  hae l e f t  the p iece .
In the d iscu ssion s the dimensions e f  the gun are considered  
n e g lig ib le  in  comparison S ith  the tra jectory .
Ijj, A du
sThe Trajectory, bdf, i s  the ourre described by tbe oenter o f  
g ra v ity  o f  the p r o je c t i le  in  f t •  movement.
Tbe Rang*, b f, la  tbe d lstan ee froa tbe n u ssle  e f  tbe e u  to  
tbe ta rg e t.
tbe Line e f  S ight, abf, ie  tbe s tra ig h t l ia e  paseing through 
the e ig b te  and tbe poin t aimed a t .
Tbe bine o f  Departure, bo, i£  tbe prolongation o f  tbe axle  
o f  tbe bore at tbe in s ta n t  tbe p r o je c t i le  leaves tbe gun.
Tbe Plane o f  F ire, or Plane o f  Departure, i e  tbe v e r t ic a l  
plane through tb e l in e  o f  departure.
Tbe Angle o f  81t s , £  , la  tbe angle node by tbe lin e  o f e ig h t  
with tbe b o r le ea ta l.
Tbe Angle e f  Departure, { , i e  the angle nade by tbe l in e  o f
departure with tbe H ue o f  e ig h t.
Tbe Quadrant Angle eg Departure, py-6.,  i e  tbe angle made by
tbe U na o f departure with tbe h e r le o a ta l.
Tbe Angle o f E levation , f 1, la  tbe eagle  between tbe l ia e  e f
e ig h t  aad tb e aide o f  tba p ieee  when tbe gun l e  aimed.
The Jump la  tbe angle j through which tb e ax le  o f  tbe p leoe  
novae w hile tb e p r o je e t i le  ie  paeaing through tbe bore. The 
neveneat e f  tbe axie la  due to  tbe e la a t lo ity  o f  tbe parte o f tbe  
carriage , to  tbe elearaaoee in  tbe trunnion bode and other bearlage 
o f  tbe carriage, and la  eoaa eaeee te  tbe notion o f  tbe e lev a tix ^
device an tbe gun r e e e i le .  The jump nuet be determined by
experlaeat fo r  th e . in d iv id u al p leoe la  i t e  p a rticu la r  mounting.
I t  u eu a lly  iaereaeee tbe angle o f  e lev a tio n  ee th a t tbe angle o f
departure le  greater than tbat angle.
Tbe Argjbw; o f F a ll ,c o , la  tbe angle nade by tbe tangent to  
tb e tra jec to ry  with tbe l in e  e f  e ig h t a t tbe poin t o f f a l l .
Tbe Point o f  F a ll, or, Point o f Impact, ie  tbe point a t which
the p r o je c t i le  e tr lk e e .
Tbe S trik in g  Angle,to',  le  tbe angle made by tbe tangent to  
tbe tra jec to ry  with tbe h er la o a ta l at tba point o f f a l l .
X nltfh l V elo c ity  le  tbe v e lo c ity  o f  tba p r o je o t lle  at the 
n u sale.
Renaming V eloc ity  l e  the v e lo c ity  o f  tbe p r o je c t ile  at any 
p o in t e f  tbe tra jec to ry .
D r ift , kf J l e  tbe departure o f tbe p r o je o t lle  froa the plane 
e f  f i r e ,  duo to  the reeietanoe o f  tbe a ir  and tbe ro ta tion  o f  
th e p r o je c t i le .
Ac far  as concerns the equations to  be ueed la  tbe work o f  
ex te r io r  b a l l le t le e ,  a l l  tr a je o to r ie e  may te  placed in  one o f the  
fo llow in g  two e la eece :
D iroet F ire, whieb perta ins to  email aaglee o f  departure, 
u su a lly  not above 15s
Curved F ire, which perta ins to  a l l  aaglee o f departure greater  
than about 15° . This o la se  enbracee tbe s e -e a lle d  Hlgb-angle F ire.
Curved F ire l e  gen era lly  lim ited  in  p ra ctice  to  v e lo c it ie s  
lower than th ese  used In d ir e c t  f ir e .
For oonvenienee o f d iscu ssio n  curved f ir e  i s  considered as 
f ir in g s  with e lev a tio n s  15°and hocand bigb-aaglo f ir e  as f ir in g s  
with e lev a tio n s  above %0$
9tk a  p x * ] M U l*  « i  i t  « « m  t m  t k s  n u l l  * f  th e  gun h a s  
im p re sse d  upon  i t  *  a f  t r a n s l a t i o n  and a  n a t io n  e f  r o t a t i o n
ab o u t i t *  lo n g e r  a x i s .  The guns o f  o u r  s e r v ic e  * n  r i f l e d  w ith  
a  r ig h t-b a n d e d  t w i s t ,  aad  th e  r o t a t i o n  o f  tb s  p r o j e c t i l e  l a ,  
t h e r s - f e r s ,  f r o a  l o f t  t o  r i g h t  when re g a rd e d  f r o a  th e  r o a r ,  i f t o r  
le a v in g  th e  gam tk a  p r o j e c t i l e  i a  a  f r o a  body ac tad i upon kjr t a a  
e x tra n e o u s  f o r c e s ,  g r a v i t y  aa d  tk a  r e s l a t a a s *  o f  tk a  a i r .
th e n  tk a  p r o j e c t i l e  f i r s t  i s s u e s  f r o a  tk a  gun , i t a  l a a g a r  
a x i s  i a  t a a g o a t  t o  tk o  t r a j e c t o r y .  tk a  r a a l a t a a a a  o f  tk a  a i r  a a t s  
a lo n g  t k a  ta n g e n t ,  and  1* a t  f i r s t  d i r e c t l y  opposed  t o  tk a  a a t l a a  
o f  t r a a a l a t i o a  o f  tk a  p r o j e c t i l e .
S The i a a c a r  aad.* o f  tk o  p r o j e c t i l e  to a d s  t *  rem ain  p a r a l l e l
t *  i t s e l f  d u r in g  t k s  p a a sa g s  o f  t k a  p r o j e c t i l e  tk re u g k  tka  a i r .
* h u t  t k s  ta n g e n t  t o  tk a  t r a j e c t o r y  o k a a g ss  i t *  i n c l i n a t i o n ,  aw ing 
t o  t k a  a a t l a a  o f  g r a v i ty .  Tks r s s i a t a n o e  e f  tk s  a i r .  a i t l a g  
a lw sg s l a  tk a  d i r e c t i o n  o f  t k s  ta n g e n t ,  bacons*  i n s l in e d  t o  tk a  
la a g e r  a x i s  o f  tk a  p r o j s e t i l s ,  aad  i a  a a d a ra  p r o j e c t i l e *  i t a  
r e s u l t a n t  i a t a r s e s t s  tk o  l a a g a r  a x i s  a t  a  p e t a l  l a  t r e a t  o f  t k a  
s e a t s ?  o f  g r a v i t y ,  
e, Tks r e s u l t a n t  e f f e c t  o f  tk e  r e s i s t a n c e  e f  tk a  a i r  a a  t k s
r o t a t i n g  p r o J s o t i l s  l a  a  p r a a a a s i a a a l  a a r a a a a t  o f  t k s  p a i n t  o f  t k s  
p r o j e c t i l e  t o  t k a  r i g k t  o f  t k s  p la n e  e f  f i r * ,  i f t t r  t k s  l a i t l a x  
d la p la a a m a n t o f  t k s  p a i a t  t o  t k s  r i g k t  tka . d i r a a t l a a  e f  t k s  
r e s u l t a n t  r s s i s t s a o #  e k sa g a s  s l i g k t l y  t o  tk a  l e f t  s i t h  r a s p a a t  t o  
t k s  s x l*  o f  tk a  p r s j e a t i l e  a a d  p ra d a a a a  a  a a r ra a p a a d la g  ek in g *  l a  
t k s  d l r s s t i e a  o f  t k a  p r s e a s a lo a ,  w hich  d i v e r t s  tk a  p a ia t .  o f  t k a  
p r o j e c t i l e  s l i g k t l y  downward.
I f  t k a  f l i g k t  o f  tk o  p r o j e c t i l e  w ars e a a t l a a s d  lo n g  aaaag k  
th e  p a i a t  would d s s o r ib s  a  c u rv e  a ro u n d  tk a  t a a g a a t  to  tk a  
t r a i a a t a r y j  k a t  a c tu a l l y  t k a  f l i g k t  o f  tk a  p r o j e c t i l e ,  o x a s p t l a  
m o r ta h  f l r l a g *  a t  a n g le s  o f  e l e v a t io n  ex c eed in g  a k a a t  66 f i a  a c v a r  
lo a g  chough to  p e rm it  a o r*  tk a a  a  p a r t  o f  t k i *  a a t l a a  t o  o s s a r .
When tk a  p a i a t  o f  1k *  p r o j e c t i l e  le a v e s  tk a  p la a *  o f  f i r *  
t k a  a id e  o f  tk a  p r e j e e t i l s  i s  p r e s e n te d  e b l i t u a l y  to  t k s  a a t l a a  
o f  t k a  c e a ic t a a s c  a t  - tk a  a i r ,  aad  a  p r a a a a r a  i a  p ra d a e a d  by a k la k  
tk a  p r o j e c t i l e  1* f a ra a d  b o d i ly  t e  th e  r i g k t  o u t  o f  tk s  p ia a a  o f  
f i r * .  I t  i s ^ t h i s  aovsiaant t k a t  tks g r e a t e r  p a r t  e f  tk s  d e v ia t io n  
o f  tk a  p r a j a a t i i a  1* do* .
Tks d e p a r tu r e  o f  tk a  p r o j e c t i l e  f r a a  tk e  p ia a a  o f  f i r s ,  do* 
t o  t k a  eastsee abava o o a a id s r s d ,  l a  s a i l e d  tk a  d r i f t .  I t  an y  ka 
a a a i y t i a a i i y  t k a t  tk a  d r i f t  o f  tk a  p r o j e c t i l e  la e r e a s o s  a e r s  
r a p id l y  tk a a  t k a  ran g * . Tke t r a j e c t o r y  i s ,  t h e r e f o r e ,  a  c u rv e  o f  
d o u b le  c u r v a tu r e ,  c aav ax  t o  t k s  p ia a a  o f  f i r * .
Tke t r a j e c t o r y  o r d i n a r i l y  c o n s id e re d  l a  tk a  p r o j e c t i o n  o f  tk e  
a a tu a i  o u rv a  u p o a  tk a  v e r t i c a l  p ia a a  o f  f i r * ,  t h i s  p r o j e c t i o n  a* 
n e a r ly  a g re e s  w ltk  tk a  a a tu a i  t r a j e c t o r y  t k a t  t k s  r e s u l t *  o b ta in e d  
a t*  p r a c t i c a l l y  o e r r e o t j  aad  tk e  ad v a n ta g e  a f  c o n s id e r in g  i t ,  
i n s t e a d  a f  t k a  a c tu a l  c u rv e , i a  t k a t  we aa ed  o o a s id e r  o n ly  t k a t  
cae ip aaea t o f  tk a  r a a l a t a a a a  a f  tk a  a i r  w kleh i s  d i r e c t l y  appaaad  
t o  t k e  a c t i o n  a f  t r a n s l a t i o n .
To d e te rm in e  tk s  a c c u ra c y  a f  a  gun a t  aay  ra a g a  aad  a a d a r  
any  c o n d i t io n s  a  a u n b e r o f  s k a t*  a r c  f i r e d  u n d e r  tk e  g iv e s
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